Introduction
Robust proteins are important in almost all areas of biochemistry and biotechnology. Accordingly, much experimental and theoretical work concentrates on understanding and improving protein stability. Comparisons between proteins from thermophilic organisms ('thermophilic' proteins) and their homologs from mesophilic organisms ('mesophilic' proteins) suggested that the number and the distribution of the charged residues are important determinants for the thermostability of a protein (Jaenicke and Böhm, 1998; Karshikoff and Ladenstein, 2001) . Mutational analyses of several small proteins showed that charge replacements at the protein surface can indeed strongly change protein stability (Yano and Poulos, 2003) .
Several theoretical approaches have been used to analyze and optimize the contributions of charged residues to protein stability (Kundrotas and Karshikoff, 2002; Marshall et al., 2002; Luisi et al., 2003) . Mozo-Villarias et al. (2003) proposed a particularly simple and straightforward electrostatic criterion for predicting the changes in protein stability caused by the mutation of charged residues. Their criterion is the quasi dipole moment P between the centers of the negative and the positive charge of the protein. P is thus a measure for the asymmetry in the spatial distribution of the charges. A decrease in the P-value (e.g. upon mutation) should lead to an increase in stability, an increase in P to a decrease. P is an attractive stability parameter because it can easily be calculated for protein mutants.
Mozo-Villarias et al. (2003) calculated P-values for homologous pairs of mesophilic and thermophilic proteins as well as for wild-type proteins and the corresponding charge mutants. Overall they found an inverse correlation between this dipole moment and stability. In addition, they used the P criterion to predict the effects of charge changes on the stability of the cold shock proteins from the mesophile Bacillus subtilis (Bs-CspB) and from the thermophile Bacillus caldolyticus (Bc-Csp).
The bacterial Csp molecules are small monomeric proteins. They consist of 65-70 residues, which form a five-stranded antiparallel b-barrel structure (Figure 1 ) (Schindelin et al., 1993) . The mesophilic Bs-CspB and the thermophilic BcCsp have often been used as models for analyzing the contributions of charged residues to protein stability in both experimental and theoretical studies Martin et al., 2001; Perl and Schmid, 2001; Sanchez-Ruiz and Makhatadze, 2001; Dominy et al., 2002; Martin et al., 2002; Torrez et al., 2003; Zhou and Dong, 2003; Garofoli et al., 2004; Wunderlich et al., 2005) . Mozo-Villarias et al. (2003) noted a strong correlation between the stability and the quasi dipole moment P for Bs-CspB and Bc-Csp. The decrease in the P-value from 9.7 D for the mesophilic Bs-CspB to 6.6 for the thermophilic Bc-Csp is accompanied by an increase in the midpoint of thermal unfolding from 53.8 to 76.9 C (Table I ) and a corresponding increase in stability of 16.5 kJ/mol.
For both cold shock proteins Mozo-Villarias et al. (2003) calculated the changes in the P-values that occur when, at every position of the protein chain, the wild-type residue was mutated to a negatively or to a positively charged amino acid. Charged residues were mutated to an oppositely charged or an uncharged residue.
In the present study we investigated experimentally whether the quasi dipole moment P is a good predictor of protein stability, i.e. whether there is an inverse correlation between protein stability and the quasi dipole moment P. For Bc-Csp we produced the four variants that showed the strongest decrease in the calculated P-value as well as the four variants with the strongest increase in P and determined their thermodynamic stability. Although they span a very wide range of P-values (between 2.0 and 12.5 D), we could not find a significant correlation between P and the conformational stability. These results for Bc-Csp raise doubts whether the quasi dipole moment is a robust predictor for changes in protein stability upon mutation of charged residues.
Materials and methods

Protein expression and purification
The gene for Bc-Csp was amplified by PCR with primers including restriction sites for NdeI at the N terminus and BamHI at the C-terminus. It was cloned into the plasmid pET11a (Novagen, Madison, Wisconsin, USA). The mutations were introduced by amplifying the whole plasmid by PCR with primers coding for the mutations, blunt end ligation of the PCR product and transformation into Escherichia coli XL1Blue.
The mutant form of the plasmid was isolated and transformed into E. coli BL21(DE3)pLysS (Stratagene, La Jolla, USA). The proteins were expressed and purified as described previously (Schindelin et al., 1992; Mueller et al., 2000) , with minor modifications.
Stability measurements by CD spectroscopy and differential scanning calorimetry
Thermal unfolding transitions were measured in 0.1 M Na cacodylate/HCl, pH 7.0, at protein concentrations of 4.0 mM in the presence of 0 M or 2.0 M NaCl. The CD signal at 222.6 nm at 1 cm path length was used to monitor the transitions at heating rates of 60 C/h. Transitions were evaluated using a nonlinear least-squares fit according to a two-state model (Schindler et al., 1995) with a fixed heat capacity change DC p of 4 kJ/mol/K as described previously . Thermal unfolding was reversible and identical transitions were obtained upon a second heating, provided that the protein was not kept in the thermally unfolded state for more than 10 min. The Gibbs free energies of unfolding (DG D ) were calculated from the stability curves ( Figure 2 ) at 75 C. This temperature is within the transition region for all variants of Bc-Csp and therefore the equilibrium constant could be determined with high precision.
For wild-type Bc-Csp and the variants H29E and E46K the unfolding was followed by differential scanning calorimetry with a VP-DSC instrument (MicroCal, Northampton, MA, USA) at protein concentrations between 20 and 150 mM in 0.1 M sodium cacodylate/HCl (pH 7.0) and 0 M or 2.0 M NaCl with a scan rate of 1.5 K/min (cell volume 0.523 ml). The measured excess molar heat capacity C p E (T) was analyzed by a Levenberg-Marquardt nonlinear least-squares method according to a non-two-state model after correction for a progressive baseline (assumption of zero DC p ). For the analysis the origin software provided by MicroCal was used.
Results
The mutants that caused the strongest changes in P were constructed for the thermophilic protein Bc-Csp (T M = 76.9 C). For Bc-Csp a wide temperature range is available to detect and characterize the effects of the expected strong variations in the T M values. For the replacements we chose Glu when a negatively charged side chain was required and Lys to change to a positively charged residue.
The E12K, E36K, E50K and N55K mutations led to the strongest increases in the calculated quasi dipole moment and are thus predicted to be strongly destabilizing. Their P-values range between 10.1 and 12.5 D (Mozo-Villarias et al., 2003) and are thus higher than the P-value of the mesophilic protein Bs-CspB (Table I ). The E21K, H29E, E46K and R56E variants at the other end of the scale showed the lowest P-values, between 4.9 and 2.0 D, and thus they are expected to be Table I . Stability data for wild-type Bs-CspB, wild-type Bc-Csp and the variants of Bc-Csp with increased or decreased P-values The thermodynamic parameters were derived from thermal unfolding transitions as in Figure 2 . The side-chains of the residues that were investigated are shown in the ball-andstick representation. The mutations predicted to be stabilizing and destabilizing are marked by arrows pointing up and down, respectively. The Figure was prepared using the PDB file 1c9o (Schindelin et al., 1993) and MOLMOL (Koradi et al., 1996) . strongly stabilized. All mutated residues are at the surface of the protein and well exposed to the solvent (Figure 1 ). The protein variants were overexpressed and purified by anion exchange chromatography, hydrophobic interaction chromatography and gel filtration. Six of the eight variants eluted as monomers from the gel filtration column at the same elution volume as wild-type Bc-Csp. The elution volumes of the variants H29E and E46K were slightly smaller. The thermal transitions were followed by circular dichroism at 222.6 nm. The normalized transitions are shown in Figure 2 . The CD change accompanying the unfolding of the variants H29E and E46K was small and therefore their thermal unfolding transitions were followed by differential scanning calorimetry.
Four variants of the thermophilic protein Bc-Csp showed P-values between 10.1 and 12.5 D, which are thus higher than the P-value of the mesophilic protein Bs-CspB (9.7 D). Nevertheless, their stabilities were almost unchanged, and their T M values ranged between 73.5 and 77.7 C (Table I) , which is very close to the T M of wild-type Bc-Csp (76.9 C), but $20 higher than the T M of Bs-CspB. In particular, the N55K mutation increased the conformational stability of Bc-Csp (Table I) although it raised the P-value from 6.6 to 10.1 D.
The four variants with the lowest P-values are predicted to be strongly stabilized, but their T M values were also almost unchanged. They all ranged between 73.5 and 80 C, close to the T M of the wild-type protein (Table I) . Incidentally, the highest T M (80.0 C) was found for the variant with the lowest P-value (2.0). The variants H29E and E46K are probably dimeric. This is indicated by their calorimetric unfolding transitions. They are concentration-dependent, and the van't Hoff enthalpies of unfolding, DH D , are 443 and 477 kJ/mol, respectively, which is twice the DH D value of the monomeric variants (Table I ). This suggests that for these two variants the unfolding of the monomers is coupled with dimer dissociation. For wild-type Bc-Csp the T M values and the DH D values from the CD and the calorimetric transitions were identical (Table I) , supporting our conclusion that the variants H29E and E46K are dimeric. The stabilities of these two variants are thus overestimated, because they gain additional stability from dimer formation. Figure 3a suggests that the thermal stability as expressed by the T M value is not correlated with the quasi dipole moment as expressed by the P-value. It should be noted that the P-values of the single mutants cover a broad range from 2.0 to 12.5 D. The changes in the Gibbs free energy DDG D also do not correlate with the P-values (Figure 3b) . A correlation is seen only for the parent proteins, the thermophilic Bc-Csp and the mesophilic Bs-CspB. Here the increase in P from 6.6 to 9.7 D leads to a 16.5 kJ/mol loss in stability (Figure 3b) .
Potential changes in stability that are linked with the variation of the quasi dipole moment should originate from coulombic interactions. Such interactions are sensitive to screening by salt, and therefore, as in our previous work Martin et al., 2001 Martin et al., , 2002 Wunderlich et al., 2005) , we measured the stabilities of the Bc-Csp variants at 0 M and at 2 M NaCl. The difference between the two values (Table I ) reflects the coulombic contributions to the stability difference. It provides a lower estimate because in proteins not all coulombic interactions can be screened by 2 M NaCl (Lee et al., 2002; Luisi et al., 2003; Spencer et al., 2005) . The screenable part of the coulombic contributions is also not correlated with the P-value (Figure 3c ). It should also be noted that the expected inverse correlation between stability and net charge is poor as well. Intriguingly, the variant with the highest net charge (R56E) shows the highest thermal stability. -Villarias et al. (2003) proposed the quasi-electric dipole moment P as a simple electrostatic criterion to predict the influence of charge mutations on the stability of a protein.
Discussion
Mozo
Mutations that increase P should be destabilizing and those that decrease P should be stabilizing. We used the cold shock protein Bc-Csp and tested this prediction by examining the effects of those charge mutations that led to the largest increases or the largest decreases in P. For this set of mutated proteins we could not find a correlation between the stability and the quasi dipole moment. All the mutations had negligible effects on the thermal stability of Bc-Csp, and the T M values clustered in a narrow range of 63 C around the T M of the wildtype protein (Figure 3a ), although the P-values varied in a wide range, between 2.0 and 12.5 D. Even at the qualitative level the P-value is a poor predictor. Three mutations that were predicted to be strongly stabilizing are in fact slightly destabilizing. These data suggest that the strong difference between the stabilities of the thermophilic Bc-Csp and the mesophilic BsCspB (DT M = 23.1 degrees) is not caused by the increase in P from 6.6 to 9.7 D. Rather, it originates predominantly from the local repulsion between Glu3 and Glu66 in Bs-CspB, which is absent in Bc-Csp . The importance of charge interactions for the stability of cold shock proteins has been shown in several experimental studies (Martin et al., 2001; Perl and Schmid, 2001; Sanchez-Ruiz and Makhatadze, 2001; Makhatadze et al., 2004; Wunderlich et al., 2005) .
The positions with the strongest changes in P upon charge variation are all located at the protein periphery, mostly in protruding loops, remote from the center of the molecule (Figure 1) . Therefore the quasi dipole moment changes Fig. 2 . Thermal unfolding transitions measured by circular dichroism at 222.6 nm of wild-type BcBs-CspB (filled triangle) and Bc-Csp (filled circle) and the variants of Bc-Csp E36K (1), E50K (2), E12K (3), E21K (4), N55K (5) and R56E (6). All transitions were measured in 0.1 M sodium cacodylateHCl (pH 7.0) The fractions of native protein as obtained after two-state analysis of the data are shown as a function of temperature. The corresponding thermodynamic parameters are given in Table I. strongly when they are mutated. The residues 12, 36, 55 and 56 are more than 60% exposed to the solvent, which are the highest values found in Bc-Csp. This probably explains why the mutations to other charged residues had only minor effects on the stability. These residues are mobile and are not involved in local charge clusters, and the dielectric constant in their (aqueous) environment is high. Therefore they contribute only marginally to the electrostatic interactions in the protein (Kumar and Nussinov, 2002; Lazaridis and Karplus, 2003) . Residues 55 and 56 (Figure 1 ) provide a good example. They are located at the tip of a long exposed b hairpin. The introduction of a positive charge by the N55K mutation thus increased the quasi dipole moment to 10.1 D, the positive-tonegative change by the R56E mutation decreased it to 2.0 D. Experimentally, both mutations are slightly stabilizing.
The approach of using quasi dipole moments for predicting stabilizing mutations is appealing. Its predictive power is probably limited, because those charged residues that are farthest away from the center of the protein dominate the calculated P-value and because the local electrostatic environment and changes in desolvation are not accounted for. For the cold shock proteins such calculations (Sanchez-Ruiz and Makhatadze, 2001; Dominy et al., 2002) led to a better coincidence with the experimental stability data. Overall, we could not find a significant correlation between the conformational stability and the quasi dipole moment P. It thus appears to be an inadequate criterion to predict stabilizing charge mutations.
Received March 13, 2006; revised April 7, 2006; accepted April 12, 2006 Edited by Dr Ammon Horovitz Fig. 3 . Correlation between the calculated quasi-electric dipole moment P and the experimentally determined (a) melting points (T M ), (b) total changes of the Gibbs free energy of unfolding relative to the wild-type protein DDG D and (c) the coulombic part of the changes in Gibbs free energy measured as the difference between the values at 0 M NaCl and 2 M NaCl of wild-type BsCspB (filled square), wild-type Bc-Csp (filled circle), and the investigated variants, as measured by circular dichroism (open circles) or by differential scanning calorimetry (inverted triangle). The data are taken from Table I. 
